1. Introduction {#sec0005}
===============

Nicotine, a natural alkaloid found in the plant *Nicotiana tabacum*, is considered an important component of cigarettes [@bib0005], [@bib0010]. Nicotine chewing gums and dermal patches are other ways in which nicotine is consumed through non-prescription nicotine replacement therapy [@bib0015]. Although available in synthetic forms, it also constitutes a portion of human dietary intake as it naturally occurs in small amounts in plants belonging to the Solanaceae family such as eggplants, potatoes and tomatoes [@bib0020]. However, in man it is consumed primarily through cigarettes, pipes or cigars [@bib0025]. Nicotine can also be found in electronic cigarettes (e-cig), which is a contemporary and wide spread way of smoking [@bib0030], [@bib0035]. Invented and patented by a Chinese Pharmacist named Hon Lik in 2003 [@bib0040], e-cig was introduced to the market, a year later, as an alternative nicotine delivery device [@bib0045]. Simulating the operation of conventional cigarette, e-cig is a battery --operated device containing e-liquid which is composed of concentrated flavours, propylene glycol (humectants), glycerol and various amount of nicotine [@bib0050]. To date, the adverse and beneficial effects of nicotine are stranded in controversy.

Reputed to be the tobacco alkaloid that is responsible for addiction, nicotine affects the body by causing modulation in dependence and behavior resulting in repeated exposure and consumption [@bib0025], [@bib0055], [@bib0060]. With an elimination half-life of about two hours when absorbed in the body [@bib0060], nicotine is readily transported in the blood to various body organs where it exert its effects. More than 80% of absorbed nicotine is metabolized by the liver [@bib0065] while several of its metabolites reach the central nervous system, crossing the blood -- brain barrier within 10--20 s after inhalation [@bib0060], [@bib0070]. A vast body of literatures exist on its effects on the nervous system [@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100]; showing that it is both a stimulant and relaxant, as well as on the cardiovascular system [@bib0105], [@bib0110], [@bib0115], [@bib0120], [@bib0125], [@bib0130]. However, there is dearth of literature on the sub-acute effects of its graded doses on the renal system.

The kidney, an important organ of the renal system, plays a principal role in homeostasis by excreting urine [@bib0135], [@bib0140]. It achieves this by filtering waste products from the blood stream and converting the ultra filtrate to urine. Therefore, any compromise of kidney function can cause deleterious health effects due to build up of unwanted substances in the body [@bib0145]. Measurements of some biological (biochemical) markers can demonstrate beneficial or harmful changes in kidney function, thereby serving as indices of renal function. Variations in these biochemical markers play an important role in accurate diagnosis and also in assessing risk and adopting therapy that improves clinical outcomes [@bib0150]. Important biochemical markers that are often used for routine analysis of kidney function include creatinine, urea, uric acid as well as some important electrolytes such as sodium and potassium [@bib0150], [@bib0155]. These biochemical markers were assayed for in the plasma to assess kidney function after a sub-acute duration of nicotine study.

*Sub-acute*, a condition between acute and chronic, study implies a study between 2 and 29 days while *acute study* is less than 2 days to within few minutes or hours [@bib0160]. Between 30--90 days comprises *sub-chronic* study while a study beyond 90 days is considered as *chronic* [@bib0165], [@bib0170], [@bib0175].

A comprehensive understanding of nicotine's effects on renal function can point towards novel approach to its use or disuse in both social and clinical settings with regards to renal implications. This study aimed at contributing to the body of existing knowledge by providing information on the renal implication of dose- and sex-specific effects of sub-acute nicotine administration using Wistar rat model.

2. Materials and methods {#sec0010}
========================

2.1. Metabolic cages {#sec0015}
--------------------

Metabolic cages used for this study were fabricated by Central Technological Laboratory and Workshops (CTLW), OAU, Ile-Ife, Osun State, Nigeria.

2.2. Chemicals and assay kits {#sec0020}
-----------------------------

Nicotine hydrogen tartarate (04441416) ≥98% was purchased from Sigma-Aldrich Company while the standard laboratory kits for the assay of urea and uric acid were purchased from Randox Laboratories Limited, United Kingdom.

Creatinine was assayed using laboratory protocol as described Jaffe [@bib0180], Na^+^ and K^−^ by Flame Photometry while HCO~3~^−^ was determined by titrimetry.

2.3. Preparation of stock solution for different concentration of nicotine {#sec0025}
--------------------------------------------------------------------------

Creatinine clearance was determined using conventional formula as follows;Where **U~c~** = concentration of creatinine in urine; **V** = urine flow rate = amount of urine/time (secs); **P~c~** = concentration of creatinine in plasma.

2.4. Animal management and experimental design {#sec0030}
----------------------------------------------

Both distilled water and the different nicotine concentration were administered at 0.2 mL/100 g of rat. Different concentration of nicotine at 1 mg/kg, 2 mg/kg and 4 mg/kg were prepared by dissolving 10 mg, 20 mg and 40 mg of nicotine salt in 20 mL, each, of distilled water respectively. Eventually, the entire groups received 0.2 mL/100 g of both distilled water and nicotine.

2.5. Measurement of body and organ weight {#sec0035}
-----------------------------------------

All experimental protocols were in strict compliance with the guidelines for animal research, as detailed in the NIH Guidelines for the Care and Use of Laboratory Animals (Guide for the care and use of laboratory animals, 2011) [@bib0185] and approved by local Institutional Research Committee. Forty Wistar rats comprising 20 males and 20 females (8--9 weeks old), between 120 and 150 g, were used for this study. They were purchased from the Animal Holdings of the College of Health Sciences, OAU, Ile -- Ife, Osun State, Nigeria where the study was carried out. Each rat was housed in separate metabolic cage under natural light and dark cycle and allowed to have access to food and water *ad libitum*. Each sex was divided into 4 groups of 5 rats each as follows; Group 1 (control) received 0.2 mL/100 g of distilled water (i.p. for 28 days) after which they were sacrificed, while groups 2, 3 and 4 received nicotine (NIC) at 1, 2 and 4 mg/kg i.p. respectively for the same period after which they were sacrificed ([Fig. 1](#fig0005){ref-type="fig"}**)**. Twenty four hours urine samples were collected before the rats were sacrificed. Rats were sacrificed under ketamine anesthesia (10 mg/kg i.m.) and blood samples were collected by cardiac puncture into separate lithium heparinized bottles. Blood samples were thereafter centrifuged at −4 °C using a cold centrifuge (Centurium Scientific, Model 8881) that was set at 4000 revolutions per minute for 15 min. The plasma obtained was decanted with sterile syringes into separate plain bottles for biochemical assays.Fig. 1Experimental Protocol and Dose Regimen.**G1** = Group 1; **G2** = Group 2; **G3** = Group 3; **G4** = Group 4; **n** = number of rats in the group; **DW** = Distilled water; **NIC000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000**Nicotine; \* = Point at which rats were sacrificed.Fig. 1

The right kidney of each Rat was fixed in 10% formal-saline solution and thereafter processed for histopathological examination using Hematoxylin -- Eosin (H & E) staining technique.

2.6. Determination of creatinine clearance {#sec0040}
------------------------------------------

Weekly body weight was measured using Hanson digital weighing balance (Hanson, China) to assess weekly weight change while organ weights were determined using Camry sensitive weighing balance (Camry, China). Both percentage weight change and relative kidney weight were calculated using the formula below;$$\text{Percentage}\;\text{Weight}\;\text{Change}(\text{PWC})\% = \frac{\text{Final\ Body\ Weight} - \text{Initial\ Body\ Weight}}{\text{In}itialBodyWeight} \times 100\%$$

[@bib0190].$$\text{Relative\ Kidney\ Weight}(RKW)\% = \frac{\text{Left\ Kidney} + \text{Right\ Kidney}}{\text{Final}\text{body}\,\text{weight}\text{at\ point\ of\ sacrifice}(\text{g})} \times 100\%$$

[@bib0195].

2.7. Statistical analysis {#sec0045}
-------------------------

Using one-way analysis of variance (ANOVA), data obtained were expressed as mean ± S.E.M (standard error of mean) and subjected to Tukey's post-hoc test for multiple comparisons. For paired observations, data were subjected to Student's *t*-test and values at p \< 0.05 were considered statistically significant. Data were analyzed using Graph Pad Prism 5.03 (Graph Pad Software Inc., CA, USA).

3. Results {#sec0050}
==========

3.1. Plasma and urine level of creatinine, urea and uric acid of Wistar rats following sub-acute nicotine administration {#sec0055}
------------------------------------------------------------------------------------------------------------------------

While plasma creatinine level (μmol/L) was not significantly higher in group 1 of the male sex when compared with their female counterpart, urine creatinine level was significantly higher in the female sex when compared with their male counterparts (p \< 0.05). In the male sex, following nicotine administration the plasma creatinine level was significantly higher in group 2 and not significantly lower in group 4 when both were compared with group 1 (p \< 0.05). The female sex, however, showed a significantly lower plasma creatinine level in groups 3 and 4 when compared with group 1. Plasma creatinine level was significantly lower in the female sex as shown in groups 3 and 4 when compared with their male counterparts in groups 3 and 4 respectively (p \< 0.05). Both sexes recorded a non-significantly lower level of urine creatinine in groups 2 and 3 when compared with their respective group 1 (p \< 0.05). However, while group 4 showed insignificantly higher level of urine creatinine in the male sex, it was shown to be significantly lower in the female sex when both were compared with their respective group 1 (p \< 0.05). It was shown that the urine plasma levels were significantly higher in the female sex in groups 1--3 while this level was significantly lower in group 4 when compared with the respective groups of their male counterparts (p \< 0.05) ([Table 1](#tbl0005){ref-type="table"}).Table 1Effects of Sub-acute Nicotine Administration on Plasma and Urine Level of Creatinine (μmol/L), Urea (mmol/L) and Uric Acid (mg/dL) of Wistar Rats.Table 1Creatinine (μmol/L)Plasma LevelUrine LevelGROUPS (n = 5)MaleFemaleMaleFemale\[1\] Control166.00 ± 2.79158.20 ± 3.982400.00 ± 149.403166.00 ± 98.97[a](#tblfn0005){ref-type="table-fn"}\[2\] 1 mg/kg165.60 ± 7.30144.80 ± 6.112274.00 ± 61.852698.00 ± 68.95[e](#tblfn0025){ref-type="table-fn"}, [b](#tblfn0010){ref-type="table-fn"}\[3\] 2 mg/kg163.80 ± 2.5095.80 ± 6.14[e](#tblfn0025){ref-type="table-fn"}, [f](#tblfn0030){ref-type="table-fn"}, [c](#tblfn0015){ref-type="table-fn"}2210.00 ± 96.182522.00 ± 91.18[e](#tblfn0025){ref-type="table-fn"}, [c](#tblfn0015){ref-type="table-fn"}\[4\] 4 mg/kg158.60 ± 3.3180.00 ± 8.52[e](#tblfn0025){ref-type="table-fn"}, [f](#tblfn0030){ref-type="table-fn"}, [g](#tblfn0035){ref-type="table-fn"}, [d](#tblfn0020){ref-type="table-fn"}2410.00 ± 105.301418.00 ± 113.00[e](#tblfn0025){ref-type="table-fn"}, [f](#tblfn0030){ref-type="table-fn"}, [g](#tblfn0035){ref-type="table-fn"}, [d](#tblfn0020){ref-type="table-fn"}  Urea (mmol/L)\[1\] Control11.16 ± 0.309.38 ± 0.13[a](#tblfn0005){ref-type="table-fn"}337.20 ± 3.72254.80 ± 15.39[a](#tblfn0005){ref-type="table-fn"}\[2\] 1 mg/kg11.94 ± 0.248.14 ± 0.41[b](#tblfn0010){ref-type="table-fn"}299.80 ± 16.73283.20 ± 11.26\[3\] 2 mg/kg12.86 ± 0.44[e](#tblfn0025){ref-type="table-fn"}10.02 ± 0.35[f](#tblfn0030){ref-type="table-fn"}, [c](#tblfn0015){ref-type="table-fn"}394.20 ± 4.31[e](#tblfn0025){ref-type="table-fn"}, [f](#tblfn0030){ref-type="table-fn"}318.20 ± 15.58[e](#tblfn0025){ref-type="table-fn"}, [c](#tblfn0015){ref-type="table-fn"}\[4\] 4 mg/kg11.22 ± 0.46[g](#tblfn0035){ref-type="table-fn"}7.42 ± 0.38[e](#tblfn0025){ref-type="table-fn"}, [g](#tblfn0035){ref-type="table-fn"}, [d](#tblfn0020){ref-type="table-fn"}337.40 ± 12.25[g](#tblfn0035){ref-type="table-fn"}205.20 ± 5.93[f](#tblfn0030){ref-type="table-fn"}, [g](#tblfn0035){ref-type="table-fn"}, [d](#tblfn0020){ref-type="table-fn"}  Uric Acid (mg/dL)\[1\] Control2.88 ± 0.053.24 ± 0.1830.40 ± 1.4017.00 ± 2.35[a](#tblfn0005){ref-type="table-fn"}\[2\] 1 mg/kg3.74 ± 0.13[e](#tblfn0025){ref-type="table-fn"}4.34 ± 0.20[e](#tblfn0025){ref-type="table-fn"}, [b](#tblfn0010){ref-type="table-fn"}22.20 ± 4.1018.20 ± 2.54\[3\] 2 mg/kg4.12 ± 0.26[e](#tblfn0025){ref-type="table-fn"}3.68 ± 0.3121.60 ± 4.0927.20 ± 4.55\[4\] 4 mg/kg2.54 ± 0.17[f](#tblfn0030){ref-type="table-fn"}, [g](#tblfn0035){ref-type="table-fn"}4.30 ± 0.22[e](#tblfn0025){ref-type="table-fn"}, [d](#tblfn0020){ref-type="table-fn"}19.60 ± 4.6822.20 ± 4.95[^1][^2][^3][^4][^5][^6][^7][^8]

Both plasma and urine levels of urea (mmol/L) were shown to be significantly higher in group 1 of the male sex when compared with their female counterparts (p \< 0.05). Nicotine administration was associated with a significantly higher level of plasma urea in group 3 of both sexes when compared with their respective group 1 (p \< 0.05). However, while group 4 showed a non-significantly higher level when compared with group 1 in the male sex, this was shown to be significantly lower in the respective groups of the female sex (p \< 0.05). Urine urea level was significantly higher in group 3 of both sexes when compared with their respective group 1 (p \< 0.05). While group 4 of the male sex showed no significant difference in urine urea level when compared with group 1, this was shown to be significantly reduced in the respective groups of their female counterparts (p \< 0.05). The urine urea level was significantly lower in groups 3 and 4 of the female sex when compared with their male counterparts (p \< 0.05) ([Table 1](#tbl0005){ref-type="table"}).

Plasma uric acid level (mg/dL) was not significantly lower in group 1 of the male sex, however, the urine uric acid level was significantly higher in group 1 of the male sex when compared with their female counterparts respectively (p \< 0.05). While groups 2 and 3 of the male sex showed a significantly higher level of plasma uric acid when compared with group 1, in the female sex groups 1 and 4 showed a significantly higher level of plasma uric acid when compared with group 1 (p \< 0.05). At the end of the study, plasma uric acid level was shown to be significantly higher in groups 2 and 4 of the female groups when compared with their male counterparts (p \< 0.05). Although there was no significant difference in the urine uric acid level in the nicotine-treated groups of both the male and female sexes, while the male sex recorded a steady decline with increasing doses their female counterparts showed an increase which peaked in group 3 (p \< 0.05) ([Table 1](#tbl0005){ref-type="table"}).

3.2. ***Creatinine*** clearance of Wistar rats following sub-acute nicotine administration {#sec0060}
------------------------------------------------------------------------------------------

Although group 1 of the male sex showed a non-significantly lower creatinine clearance (mL/min) when compared with their female counterparts (p \< 0.05), creatinine clearance was significantly increased in groups 2 and 3 of both sexes when compared with their respective group 1 (p \< 0.05). This was, however, accompanied by a sharp decline that was significantly lower than groups 2 and 3 of both sexes (p \< 0.05) but not significantly lower than their respective group 1 (p \< 0.05). At the end of the study, the nicotine-treated groups recorded a significantly higher creatinine clearance in the female groups when compared with their respective male groups (p \< 0.05) ([Table 2](#tbl0010){ref-type="table"}).Table 2Effects of Sub-acute Nicotine Administration on Creatinine Clearance (mL/min) of Wistar Rats.Table 2Creatinine Clearance × 10^−3^ (mL/min)GROUPS (n = 5)MaleFemale\[1\] Control4.67 ± 0.666.28 ± 0.37\[2\] 1 mg/kg7.38 ± 0.53[a](#tblfn0040){ref-type="table-fn"}, [e](#tblfn0060){ref-type="table-fn"}9.45 ± 0.49[e](#tblfn0060){ref-type="table-fn"}, [b](#tblfn0045){ref-type="table-fn"}\[3\] 2 mg/kg7.66 ± 0.40[a](#tblfn0040){ref-type="table-fn"}, [e](#tblfn0060){ref-type="table-fn"}14.29 ± 0.62[e](#tblfn0060){ref-type="table-fn"}, [f](#tblfn0065){ref-type="table-fn"}, [c](#tblfn0050){ref-type="table-fn"}\[4\] 4 mg/kg3.41 ± 0.38[f](#tblfn0065){ref-type="table-fn"}, [g](#tblfn0070){ref-type="table-fn"}4.61 ± 0.34[f](#tblfn0065){ref-type="table-fn"}, [g](#tblfn0070){ref-type="table-fn"}, [d](#tblfn0055){ref-type="table-fn"}[^9][^10][^11][^12][^13][^14][^15][^16]

3.3. Plasma and urine level of Na^+^, K^+^ and HCO~3~^−^ of Wistar rats following sub- acute nicotine administration {#sec0065}
--------------------------------------------------------------------------------------------------------------------

In the male sex, plasma Na^+^ level (mmol/L) was not significantly higher in group 1 but was shown to be significantly higher in urine level when compared with their respective group 1 of the female sex (p \< 0.05). There was no significant difference in plasma Na^+^ in the nicotine-treated groups of both the male and female sexes (p \> 0.05), however, group 4 of the female sex showed a significantly lower level of plasma Na^+^ when compared with their male counterparts (p \< 0.05). While urine Na^+^ level was significantly higher in groups 2 and 3 of the male sex when compared with group 1 (p \< 0.05) only group 2 recorded a significantly higher level of urine Na^+^ when compared with group 1 (p \< 0.05). At the end of the study, the nicotine-treated groups of the female sex showed a significantly lower level of urine Na^+^ when compared with their male counterparts (p \< 0.05) ([Table 3](#tbl0015){ref-type="table"}).Table 3Effects of Sub-acute Nicotine Administration on some Electrolyte Concentrations in the Urine and Plasma of Wistar Rats.Table 3Na^+^ Concentration (mmol/L)Plasma LevelUrine LevelGROUPS (n = 5)MaleFemaleMaleFemale\[1\] Control135.80 ± 2.08130.00 ± 1.67100.60 ± 4.4370.40 ± 2.36[a](#tblfn0075){ref-type="table-fn"}\[2\] 1 mg/kg129.60 ± 1.36128.20 ± 2.33126.40 ± 4.60[e](#tblfn0095){ref-type="table-fn"}72.80 ± 2.08b\[3\] 2 mg/kg133.80 ± 2.40132.60 ± 1.40174.40 ± 3.67[e](#tblfn0095){ref-type="table-fn"}, [f](#tblfn0100){ref-type="table-fn"}92.80 ± 5.16[e](#tblfn0095){ref-type="table-fn"}, [f](#tblfn0100){ref-type="table-fn"}, [c](#tblfn0085){ref-type="table-fn"}\[4\] 4 mg/kg133.80 ± 1.39128.20 ± 1.28[d](#tblfn0090){ref-type="table-fn"}120.80 ± 7.52[g](#tblfn0105){ref-type="table-fn"}76.60 ± 6.17[d](#tblfn0090){ref-type="table-fn"}  K^+^ Concentration (mmol/L)\[1\] Control4.20 ± 0.063.68 ± 0.12[a](#tblfn0075){ref-type="table-fn"}129.80 ± 7.43160.80 ± 4.32[a](#tblfn0075){ref-type="table-fn"}\[2\] 1 mg/kg3.54 ± 0.10[e](#tblfn0095){ref-type="table-fn"}3.26 ± 0.07[e](#tblfn0095){ref-type="table-fn"}, [b](#tblfn0080){ref-type="table-fn"}132.60 ± 4.16227.60 ± 7.33[e](#tblfn0095){ref-type="table-fn"}, [b](#tblfn0080){ref-type="table-fn"}\[3\] 2 mg/kg3.72 ± 0.05[e](#tblfn0095){ref-type="table-fn"}3.16 ± 0.06[e](#tblfn0095){ref-type="table-fn"}, [c](#tblfn0085){ref-type="table-fn"}228.60 ± 7.31[e](#tblfn0095){ref-type="table-fn"}, [f](#tblfn0100){ref-type="table-fn"}185.20 ± 7.79[f](#tblfn0100){ref-type="table-fn"}\[4\] 4 mg/kg3.32 ± 0.08[e](#tblfn0095){ref-type="table-fn"}, [g](#tblfn0105){ref-type="table-fn"}3.22 ± 0.10[e](#tblfn0095){ref-type="table-fn"}157.20 ± 9.71[g](#tblfn0105){ref-type="table-fn"}176.00 ± 6.33[f](#tblfn0100){ref-type="table-fn"}  HCO~3~^−^ Concentration (mmol/L)\[1\] Control20.80 ± 0.4921.20 ± 0.49\[2\] 1 mg/kg19.60 ± 0.7522.40 ± 0.75[b](#tblfn0080){ref-type="table-fn"}\[3\] 2 mg/kg21.60 ± 0.7520.80 ± 0.49\[4\] 4 mg/kg22.00 ± 0.6321.20 ± 0.80[^17][^18][^19][^20][^21][^22][^23][^24]

Although the plasma K^+^ level (mmol/L) was significantly higher in group 1 of the male sex, urine K^+^ was shown to be significantly reduced in this group when compared with their respective female counterparts (p \< 0.05). The nicotine-treated groups showed a significantly reduced level of plasma K^+^ in both the male and female sexes when compared with their respective group 1 (p \< 0.05). At the end of the study, groups 2 and 3 of the female sex showed a significantly lower plasma K^+^ level when compared with their respective male counterparts (p \< 0.05). Apart from group 3 that showed a significantly higher level of urine K^+^, groups 2 and 4 showed a non-significantly higher level of urine K^+^ when compared with group 1 (p \> 0.05). With the exception of group 2 of the female sex which showed a significantly higher level of urine K^+^, groups 3 and 4 showed a non-significant increase in the urine K^+^ when compared with group 1 (p \< 0.05). At the end of the study, only group 2 of the female sex showed a significant increase in urine K^+^ level when compared with group 1 of their male counterparts (p \< 0.05) ([Table 3](#tbl0015){ref-type="table"}).

The study showed no significant difference in the level of plasma HCO~3~^−^ (mmol/L) between group 1 and the nicotine-treated groups of both sexes (p \> 0.05). However, group 2 of the female sex showed a significant increase in plasma HCO~3~^−^ when compared with their respective group 2 of the male sex (p \< 0.05) ([Table 3](#tbl0015){ref-type="table"}).

3.4. Sub-acute effects of nicotine on percentage weight change (PWC) and relative kidney weight (RKW) of Wistar rats {#sec0070}
--------------------------------------------------------------------------------------------------------------------

In the male group, there was no significant difference in PWC of the nicotine-treated groups 2, 3 and 4 (19.80 ± 0.40; 19.90 ± 0.60 and 19.75 ± 0.50 respectively) when compared with their control (20.50 ± 0.60) (p \> 0.05). The same is true for the female groups 2, 3 and 4 (17.60 ± 0.50; 17.65 ± 0.60 and 17.50 ± 0.40 respectively) when compared with their control (17.85 ± 0.50) (p \> 0.05), at the end of the study. However, the male groups showed a significantly higher PWC aht the end of the study when compared with their respective female counterparts (p \< 0.05) ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Effects of Sub-acute Nicotine Administration on Percentage Weight Change (%) of Wistar Rats.Fig. 2

The study showed no significant difference in RKW in the male groups 2, 3 and 4 (0.35 ± 0.04; 0.35 ± 0.03 and 0.34 ± 0.04 respectively) when compared with their control (0.35 ± 0.02) (p \> 0.05). Similarly, no significant difference in RKW was recorded in the female groups 2, 3 and 4 (0.27 ± 0.04; 0.28 ± 0.05 and 0.26 ± 0.04 respectively) when compared with their control (0.28 ± 0.03) (p \> 0.05). The female groups, however, showed a significantly lower RKW at the end of the study when compared with their respective male counterparts (p \< 0.05) ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 3Effects of Sub-acute Nicotine Administration on Relative Kidney Weight (%) of Wistar Rats.Fig. 3

3.5. **Histological** examination {#sec0075}
---------------------------------

The representative photomicrograph of the nicotine-treated groups of both sexes did not reveal any appreciable difference in kidney histoarchitecture when compared with that of their respective control group ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4Histological Effects of Sub-acute Nicotine Administration in Wistar Rats.**P** = Proximal convoluted tubule; **D** = Distal convoluted tubule; **G** = Glomerulus; **Black arrow** = Blood vessel.Fig. 4

4. Discussion {#sec0080}
=============

The study appraised both dose- and sex-dependent effects of sub-acute nicotine administration on the renal function of Wistar rats. This was aimed at investigating its use or disuse in both social and clinical settings with regards to dose- and sex-dependent renal implications.

In this study, the apparently normal rats which served as control groups for both sexes showed that the assayed markers of renal function were sexually dimorphic. This was expressed as a relative decrease in plasma creatinine and urea with an increase in plasma uric acid in the female rats when compared with their male counterparts. Following exposure to nicotine administration, perturbations in the plasma and urine levels of the assayed markers were relatively more in the female groups than their respective male counterparts. Consequently, these culminated in a higher creatinine clearance (an index of renal function) in the female than their male counterparts, although creatinine clearance increased with lower doses of nicotine in both sexes. *This study therefore suggests that sub-acute administration of lower doses of nicotine potentiates sex-dependent perturbation in markers of renal function resulting in a higher index of renal function in female than in male Wistar rats*. The possible mechanism(s) by which this is achieved is nicotine-enhanced renal vasodilation, causing a decrease in renovascular resistance as well as increased filtration fraction. The expression of a better renal function in females than their male counterparts, as shown in this study, is consistent with existing literatures of both clinical and animal models of various renal conditions [@bib0195], [@bib0200], [@bib0205], [@bib0210], [@bib0215], [@bib0220], [@bib0225], [@bib0230]. Worthy of note is the fact that cotinine levels (stable metabolite of nicotine) in Wistar rats appear to be similar with that of smokers after cigarette consumption [@bib0235]. This study by Mohammed and Ian provides further validation of animal model of nicotine dependence. According to Hiroshi et al. [@bib0240], human blood concentrations of cotinine (a bio-monitoring marker for tobacco smoke) can be directly extrapolated from nicotine metabolism in rats using physiologically based pharmacokinetic modeling. These facts buttress the suitability of Wistar rat models in the study of clinical conditions of nicotine exposure.

Renal vasoconstriction is enhanced by nicotine in smokers, possibly through alterations of cyclic-GMP-dependent vasoactive mechanism [@bib0245]. A study by Ritz et al. showed that during smoking, glomerular filtration rate decreased in all but one volunteer, accompanied by an increased renovascular resistance with a consequent significant decrease in filtration fraction [@bib0250]. The implication of these studies is that nicotine potentiates hemodynamic disturbances/damage, with further alterations in the renal handling of fluid and electrolytes as well as renal clearance. It is possible that lower doses of sub-acute nicotine administration increased creatinine clearance in both sexes by reversing the aforementioned mechanism; that is, enhanced renal vasodilation possibly through modulations of cyclic-GMP-dependent vasodilative mechanism. This could have affected the renal clearance by causing a decrease in renovascular resistance as well as an increase in glomerular filtration and filtration fraction.

The insignificant alteration in the plasma level of some electrolytes like Na^+^ and HCO~3~^−^ in the nicotine-treated rats of both sexes is consistent with the findings of Waheeb who reported that no significant variations in plasma Na^+^ level was observed in a group of subjects smoking 3--5 cigarettes per day [@bib0255]. This, like similar findings [@bib0195], further buttresses the suitability of Wistar rat model for the study of clinical models of renal conditions. The implication of this result is that the adopted doses fall below the threshold of nicotine amount that can potentiate deleterious alterations in body electrolyte levels. However, significant increase in urine Na^+^ level was more expressed in the male than their female counterparts while significant decrease in urine K^+^ level was more in the female groups. The perturbation in urine Na^+^ level associated with lower doses of sub-acute nicotine administration can be attributed to nicotine's influence on the hypothalamus/osmoreceptor system which can be of clinical relevance if a more comprehensive study on its diuretic effects is undertaken. Nicotine has been reported to easily cross the blood-brain barrier and exert its effects on the brain within 10--20 s of ingestion [@bib0065]. A note of caution is emphasized in that sub-acute administration of low doses of nicotine potentiated reduction in urine K^+^ excretion; as low urinary K^+^ excretion has been found to be associated with an increased risk of developing hypertension [@bib0260].

The study showed that the highest dose of nicotine administration in both sexes caused significant alterations in most of the measured parameters. This suggests that, as opposed to lower doses, sub-acute exposure to higher doses of nicotine potentiates a high risk profile of renal dysfunction. This has been well demonstrated in some existing literatures on the effects of nicotine on renal function [@bib0265], [@bib0270], [@bib0275], [@bib0280], [@bib0285]. In a study reported by Anshu and co-workers, a single low dose of nicotine (0.25 mg/kg) administered for a period of 5 months (consecutively) resulted in nephrotoxicity as indicated by deleterious alterations in kidney markers of oxidative stress as well as apoptotic markers [@bib0290]. The disparity in results, even though both experiments involved low doses of nicotine, can be attributed to the duration of nicotine exposure. While Anshu et al. studied renal effects of nicotine after 5 months exposure (chronic study), this study was performed to ascertain renal effects after 28 days exposure (sub-acute study). The low dose that was administered for the chronic period may have cumulated biological mechanisms that simulate the effects of a high dose when administered for a shorter period. This study showed that, contrary to popular opinion which tends to associate nicotine ingestion with toxicity in biological systems, sub-acute administration of lower doses caused sex-dependent improvement of renal function in Wistar rats.

This study shows that Wistar rats express sexual dimorphism in percentage weight change and relative kidney weight following sub-acute administration of nicotine. These features are, however, higher in the male than their female counterparts. Both percentage weight change and relative kidney weights in the nicotine-treated groups were insignificantly lowered when compared with their respective control groups and in some cases they happened to be of similar values; suggesting that administration of the adopted nicotine doses are not sufficient to elicit significant changes in body and kidney weights over a sub-acute period. The apparent non-significant difference in percentage weight change can be attributed to the sustained appetite/food consumption that was observed during the course of the study since weight gain or loss is a function of a balance between food consumption and the rate of energy expenditure [@bib0295]. A sensitive indicator of an effect of an experimental compound may be significant differences in organ weights between treated and untreated animals in the absence of morphological changes [@bib0300]. Therefore, in order to avoid any complication that may arise as a result of differences in body weight between groups, the ratio of body to organ weight (generally described as relative organ weight) is commonly used for analysis [@bib0300]. The non-significant difference in relative kidney weights across the groups of both sexes provides additional support for the histological examination of the kidneys; suggesting that lower doses of nicotine have the potential to improve renal homeostasis over a sub-acute period.

In this study, histological examination of the nicotine-treated groups showed no appreciable difference in kidney histoarchitecture when compared with the control. This supports the findings of some existing literatures which suggest that nicotine administration is associated with anti-inflammatory effects [@bib0305], [@bib0310], [@bib0315], [@bib0320], [@bib0325]. There are receptors for nicotine on monocytes and endothelial cells. Inflammation is sustained if these cells are activated [@bib0330]. However, the anti-inflammatory effects of nicotine are usually mediated through α7-nAchR; binding of nicotine to α7-nAchR which is present on macrophages and endothelial cells consequently results in down-regulation of inflammation by deactivation of these cells. By this action, in many observational studies of diseases of inflammatory origin, nicotine has been found to be associated with a more favourable prognosis [@bib0055], [@bib0330]. Studies have shown that nicotine attenuates ischemia-reperfusion-induced kidney injury in animal models [@bib0335], [@bib0340], [@bib0345]. Thus, whereas there is an apparent world-wide suggestion of the nephrotoxic potential of nicotine as a component of cigarette smoke by inducing ischemia and intra-renal vasoconstriction [@bib0055], [@bib0270], [@bib0275], nicotine administration could also have reno-protective potentials by ameliorating intra-renal inflammation (as reported by the aforementioned studies) as well as potentially inhibiting the expression of intra-renal inflammation with a consequent improvement in the indices of renal function (as reported in this study) particularly at relatively lower doses. According to Tsuyoshi et al. [@bib0350], vagus nerve stimulation mediates protection from ischemia-reperfusion injury through α7-nAchR+ splenocytes. This implies that α7-nAchR potentially shows activation that may indicate nephro-protection or enhancement of kidney function.

5. Conclusion {#sec0085}
=============

It was concluded that sub-acute administration of lower doses of nicotine alters the plasma and urine electrolyte balance and increases creatinine clearance of Wistar rats, possibly by causing a decrease in reno-vascular resistance as well as increase in both glomerular filtration rate and filtration fraction; an effect that was more pronounced in the females than their male counterparts.
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